becomes important. The BaBar detector [1] at the Stanford Linear Accelerator Center is one such experiment. It detects interactions between particles in two of the most intense high-energy beams ever made, with achieved luminosities . In order to produce events of interest containing B mesons in a moving reference frame, the energies of the beams are 3.1 GeV and 9.0 GeV. The electromagnetic calorimeter is a key detector for measuring the energies of photons and electrons and its response can be degraded by accumulated exposure to ionizing radiation. The 6580 active elements of the calorimeter are 32 cm long crystals of thallium-doped cesium iodide that scintillate when ionizing radiation traverses them. 5760 of the crystals are arranged in a barrel configuration and 820 form an end cap. The high density ( 3 / 5 . 4 cm gm ) of the crystals causes high-energy particles to develop electromagnetic showers and the total scintillation light produced by these showers is an accurate measure of the incident energy. To achieve the desired energy resolution, the inter-calibration of these crystals must be known to 0.25 percent. However, excessive radiation absorption creates color centers in the crystals, which alters the light transmission. Thus, an accurate light yield measurement requires a correction best obtained by monitoring the accumulated radiation dose. Moreover, the distribution of these color centers can be non-uniform over the depth of the crystal, leading to a loss of energy resolution. Tests have shown that the light yield decreases measurably at exposures as low as 100 rads and that its uniformity with depth becomes an issue around 1 Krad.
The largest source of radiation deposited in the calorimeter is the large flux of particles with energies of a few MeV arising from beam-induced backgrounds. This beam background comes primarily from beam interactions with the residual gas in the vacuum chamber. This scattering deflects beam particles from their orbit via either Coulomb scattering or bremsstrahlung. These "lost particles" can then initiate electromagnetic showers when they strike the calorimeter.
Because the dose varies widely as a function of both polar and azimuth angles, a total of 116 RadFETs have been distributed throughout the detector, with 56 at the front of barrel crystals and 60 at the front of end cap crystals, where we expect to receive the largest dose. [2] . The silicon dioxide layer known as the gate oxide traps holes from electron-hole pairs generated by the passage of ionizing particles. The layer has been thermally grown to yield the maximum number of deep, thermally stable, traps created by large stresses in the growth process.
These trapped positively charged holes are referred to as the trapped oxide charge.
The field due to the trapped oxide charge induces a negative image charge in the silicon, which produces a negative shift There are a number of other effects that need to be controlled. First, the amount of trapped oxide charge depends on the strength of the electric field in the oxide layer at the time of exposure. In other words, the response depends on the RadFET bias voltage while being irradiated. In BaBar we keep the bias voltage at zero except for the small fraction of time when we are reading the device. This increases the dynamic range of the RadFET, but at the cost of reduced sensitivity. Because of the way they work, RadFETs are inherently non-linear, so the response curve, T V ∆ as a function of total radiation at a given bias voltage, must be calibrated. This is often done using γ -ray sources with energies near 1 MeV.
A second effect that needs to be watched is that due to socalled "slow interface states", unstable charges that lie in the SiO 2 layer very near the semiconductor/oxide interface. These slow interface states do not affect the amount of trapped oxide charge, but they do affect the measurement of the threshold voltage. These trapped charges are very sensitive to changes in the gate potential. When the device is turned on for reading there is a transient escape of some of this charge, resulting in a drift in the threshold voltage that is logarithmic as a function of the time since turn-on. The initial rate of drift is a function of irradiation, so a correction for this effect is mandatory. In BaBar, this is achieved by being careful always to read the threshold voltage at the same time, typically a few milliseconds, after turn-on. It is not practical for us to wait for this effect to reach its asymptotic value.
Like all semiconductor devices, RadFETs are sensitive to temperature changes. Fortunately, T V over temperatures of interest (-20 to +50 C) changes reversibly and it is sufficient to monitor the temperature at the RadFET device and make a correction.
Finally, there are relaxation processes that cause the threshold value to change with time, even when not being irradiated. These processes are known collectively as "fade". In RadFETs, the most important two of these are the escape of a small percentage of the trapped positive charge ( The devices used in BaBar were selected for uniformity and long-term stability from a larger sample. Some of these devices were then irradiated in a controlled way to establish the response curves.
III. THE RADFET MONITORING BOARD
The RadFET Monitoring Board (RMB) is a stand-alone module that measures 100 mm by 120 mm.
To communicate with the BaBar detector control system it has a CANbus interface and to access the RadFETs it has a 64-pin 3M connector to which up to 32 RadFETs may be connected. Three supplies power it: a +5V supply for digital components and +24V and -10 V supplies for analog components, primarily operational amplifiers and analog multiplexers. A photograph of the board attached to a white mounting plate is shown in Fig. 1 and a block diagram is given in Fig. 2 . A green LED indicates the board is powered and amber LED flashes when the board is accessed via CANbus.
The CANbus is read via software from the Experimental Physics and Industrial Control System (EPICS) [3] , a useful suite of control and monitoring software capable of rapid and automated reading of large systems.
A. CANbus Interface
The collaboration has chosen the Controller Area Network (CAN) as the field bus for detector control. This ISO standard bus [4] was developed for the automobile industry and was designed for fast highly reliable transfer of small amounts of data. Because of the high volume of the automobile market, the selection of devices is very good and the cost is low. We run CANbus over pairs of twisted copper wire. The data is carried on two wires, CAN_H and CAN_L, which are of opposite polarity. Because each wire is referenced to the midpoint between the two digital states, the bus can function even with one wire broken, albeit with reduced noise immunity. Other attractive features of CANbus are: (i) efficient arbitration for the bus, with no loss due to bus clashes, (ii) the ability to choose the time in the bit period for sampling the bus so as to avoid known sources of noise, (iii) the ability to sample the bus multiple times during a bit period, and (iv) the use of hardware-computed check sums to verify the integrity of the transferred data. For most of BaBar, we operate the bus at 125 Kilobits per second. CANbus messages carry a message identifier, which in BaBar is eleven bits long. The message ID determines the priority on the bus, with the lowest ID number having the highest priority. BaBar developed a protocol for the CANbus identifiers, in which we assign a device number for each of up to 32 remote devices on a network [5] and use one bit to designate the direction of communication between the remote device and the VME interface to detector control. Each remote device can respond to up to 32 commands, sixteen each at high and low priority. The RMB operates under this protocol.
CANBUS INTERFACE

MICRO-CONTROLLER
In order to avoid ground loops caused by the CANbus connections between monitoring boards, the CAN interface on each board electrically decouples the board from CANbus by using HCPL0700 optical isolators.
B. Microcontroller
A Motorola MC68HC705X32 Microcontroller provides the intelligent functions of the RMB. Features that we use include a built-in CANbus interface, three out of four 8-bit data ports, 464 bytes of RAM, 256 bytes of EEPROM, 32 KB of user EPROM, and a watchdog timer. The microcontroller is interrupted when a CAN message arrives with a device field which corresponds to the setting in the board EEPROM. Five bits of this message contain a command field instructing the board what to do. Parameters are sent and data returned in the data field, which can be up to eight bytes long.
The microcontroller interprets the command and uses the signals on the data ports to control the hardware on the rest of the board to execute the command.
C. Current Source
Because the transition voltage of a RadFET depends on the current at the time of readout, we provide a stable current source that is selectable to provide either 90 A µ or 160 A µ .
Most of our readings are taken at 160 A µ . The circuit is shown in Fig. 3 . 
D. Analog Switch
A circuit based on the MAX333A analog switch distributes the current to the RadFETs, as shown in Fig. 4 . The output of the current source is fanned to the inputs of 32 switches, which are activated one at a time by signals controlled from the microcontroller. The 31 signals not being read are tied to ground.
To avoid turn-on effects, we have a fixed delay, on the order of milliseconds, between the times we switch on the current and we read the voltage. RADFET31   IN1  NO1  NC1  IN2  NO2  NC2   IN3  NO3  NC3  IN4  NO4  NC4   IN1  NO1  NC1  IN2  NO2 
E. Temperature Monitoring
Because RadFETs have significant temperature sensitivity, it is important to monitor the temperature near the device. As a partial solution to this, we placed an AD592 temperature sensor on the RMB and this sensor can also be read via CANbus. It is important to remember, however, that this sensor reads the temperature on the RMB not at the RadFET, which may be connected to the board by a cable up to three meters long. Fortunately, the calorimeter is instrumented with 320 temperature sensors distributed around its volume, and these give a good indication of the temperature variation at the RadFETs. Because of the confined space of the calorimeter and the large thermal mass, the temperature variation is not large. The temperature monitoring circuit is shown in Fig. 5 . The AD592 is a solid-state temperature sensor that acts as a current source with a nominal value of 1 A µ per degree Kelvin. To measure the current we pass it through a 10 K resistor, which is connected, to the RMB's ADC through a voltage follower.
F. RadFET Sensing
The voltages are sensed with a high input impedance circuit, which monitors the line that is switched to feed the current source to the RadFETs. This sensing circuit is shown in Fig. 6 . we added a circuit to subtract an offset voltage from the reading before it is digitized. A trimpot allows us to adjust the value of this offset from zero to the full value of the LH0070 Voltage Reference, which is 10.24 V. The offset be read out via CANbus, thus ensuring we always know the correct value to apply. So far it has not been necessary to adjust this offset, which was set initially to 7.5 V. The trimpot forms a voltage divider that feeds a high impedance voltage follower. The voltage of the current source also goes through a high impedance voltage follower and the two outputs of these voltage followers are subtracted and sent to the analog-to-digital converter (ADC) through another voltage follower. The value of the offset is also sensed, scaled, and then sent to the ADC.
G. Digitizing
The digitizing is done with a Maxim MAX186 ADC. This is a 12-bit converter with four independent inputs with a range of zero to 4.096 V. ADC Readout is via serial lines controlled by one of the 8-bit microcontroller ports. A schematic of the ADC circuit is shown if Fig. 7 . The RadFETs have been operational the entire time and a plot of the averaged measured dose as a function of time for each region of the calorimeter is given in Fig. 9 . Typically, the individual RadFETs will vary by as much as a factor of two from the average, depending on their location in the calorimeter. Fig. 9 . The temperature corrected average dose seen by the RadFETs in the three regions of the detector. As expected, the endcap receives the largest dose and the forward half of the barrel receives a larger dose than the backward half
As expected, the end cap received the largest dose [6] . The forward half of the barrel received slightly more than the backward half, and this was also expected due to the asymmetric energies of the beams. One feature of note is the evidence for annealing in the RadFETs during the long shutdown from October 2000 to February 2001. This is due to the effects of anti-fading followed by fading as described in section II and the magnitude of the effect is consistent with observations of fading made in [2] and references therein. The data have not been corrected for this effect. Also visible in both Figs. 9 and 10 is a gap in the end cap data due to a mechanical failure on one of the RMBs. The RadFETs continued to integrate during this period, even though we were unable to read them.
Finally, Fig. 10 shows the average dose in the three regions as a function of luminosity delivered to the detector. While one should expect a rough correlation between the luminosity and the observed dose, it will not be a linear relationship for several reasons. First, when there is a startup after a long shutdown, there is a period of accelerator tuning which produces high backgrounds in the detector. Second, as data taking progresses the accelerator operators refine their tunes so that backgrounds decrease. The major source of radiation seen by the RadFETs is beam background, not physics events.
V. CONCLUSION
The RadFET sensors and the RadFET Monitoring Boards for observing the integrated radiation dose seen by the BaBar Electromagnetic Calorimeter have been operational during all data-taking periods. The doses seen are on the order of 0.6 Rad per day on average, and agree with expectations. They are well within the budgeted amount based on the expected lifetime of the detector. This system is the largest array of integrating MOS dosimeters to be assembled to date and the most advanced form of automated monitoring used on such devices. These and future readings form an important part of the corrections to be applied to Electromagnetic Calorimeter data. 
